In this study, several techniques such as acoustic emission (AE), physical and mechanical tests, and scanning electron microscopy (SEM) were applied to investigate the effectiveness of high alite cement (HAC) to control microcracking in slag concrete subjected to a temperature regime simulating steam curing in early ages. The results revealed the capacity of HAC in improving resistance against microcracking of slag concrete. The mechanism for this large cracking resistance was clarified by AE analysis. The large microcrack resistance of HAC mortar might be partly due to the role of calcium hydroxide crystals as a kind of buffer preventing the propagation of microcracks. High bond strength between aggregate and HAC mortar contributed significantly to larger tensile strength.
INTRODUCTION
In the early age of concreting, the hydration process of cement produces a large amount of heat, leading to deformation of the main constituents of concrete such as aggregate and cement paste. Most aggregates have a smaller coefficient of thermal expansion (CTE) than the matrix, resulting in smaller thermal deformation. Moreover, due to the superposition of autogenous shrinkage, the matrix shrinks to a much larger extent than aggregate. Because of the incompatible deformation of concrete components, microscopic stress occurs. If it exceeds the tensile strength of concrete, microcracks will be generated inside the concrete even without the application of external load. Microscopic thermal stress appears remarkably in the case of massive concrete and heat curing because of large temperature variation.
A number of approaches are used to investigate microcracking in concrete. Due to its sensitivity and the rich information it yields from collected parameters, the AE technique has been widely used to detect cracking in hardened concrete. It was applied to estimate quantitative damage of structural concrete without the original data of the concrete at construction 1) . Verstrynge et al. studied unstable damage in masonry specimens during short-term and long-term creep tests by using this technique 2) . AE was also employed in bending tests to characterize the fracture process in plain concrete 3) or in a fiber-reinforced concrete beam 4) . In all aforementioned studies, AE sensors were coupled on the concrete surface. Nevertheless, few researchers have used AE to record defects in concrete at very early ages. AE measurement at a very early age is difficult because AE sensors cannot be directly attached on the surface of unhardened concrete. Therefore, a waveguide embedded inside concrete had been employed and this worked well in concrete with low water-to-binder ratio (W/B) 5) . Unfortunately, attenuation of acoustic waves in a high moisture content ambient 6) due to energy absorption led to the diminished effectiveness of the waveguide in detecting AE signals in concrete with high W/B. To deal with this problem, a change in the shape of the waveguide was proposed. The redesigned waveguide worked more effectively than the previous one 7) . Nowadays, because of its advantages, which include better workability, high compressive strength, environmental conservation, and high durability 8) , Journal of JSCE, Vol. 2, [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] 2014 concrete using ground granulated blast furnace slag (GGBFS) is being widely used all over the world, especially in Japan. However, Son and Hosoda found that slag concrete is also easily subjected to more severe nonstructural microcracks than OPC concrete under temperature variation at early ages 9) . It has also been recognized that slag concrete has lower resistance against carbonation. To solve these disadvantages of slag concrete, a new type of cement named high alite cement has been proposed. In a past study about compressive strength development of HAC 10) , HAC slag concrete showed good performance in terms of long-term continuous strength development as well as early age strength.
In this research, the combination of the AE technique using a redesigned waveguide with physical and mechanical tests and SEM observation was applied to investigate the effectiveness of HAC in mitigating microcracking and increasing tensile strength in slag concrete subjected to a temperature regime simulating steam curing in early ages. It particularly focused on the contribution of bond properties between HAC mortar and coarse aggregate to higher cracking resistance.
EXPERIMENTAL PROGRAMS (1) Materials and mix proportions
In this research, three types of binders were used: Ordinary Portland Cement (OPC), HAC, and GGBFS. HAC is a newly developed special cement with very high alite (3CaO.SiO 2 ) content and almost no belite (2CaO.SiO 2 ) 11) . The chemical composition and physical properties of the binders are presented in Table 1 . The mineral compositions of OPC and HAC are calculated from the chemical composition by Bogue's equations and the main compounds of cements are listed in Table 2 . Because the CTE of materials is one of the important parameters affecting microcracking in concrete 9) , two types of coarse aggregates with the same maximum particle size of 19 mm but remarkably different CTEs, namely, limestone and andesite, were used in this research. However, it should be noted here that the chemical reaction between limestone and slag mortar also affects the mechanical properties of concrete 12) . The fine aggregate used in this research was pit sand. All the materials were placed in a curing room with temperature of around 20 o C before mixing. The mix proportions of the mortars and concretes are given in Table 3 . As mentioned above, in terms of compressive strength, HAC showed the best results when it was combined with GGBFS with slag replacement ratio of around 50 percent. Thus, in this study, the proportion of cement and GGBFS was set at 50-50. The mix proportions of the respective mortars for each kind of concrete were determined by just removing the coarse aggregate from the concrete while retaining the other proportions.
(2) Acoustic emission system
The experimental system of AE tests is described in Fig. 1 . A two-channel AE system and general-purpose sensors with 150 kHz resonance frequency (R15-) were used. In each test, two sensors were coupled on a sensor seat located at the top of a stainless steel waveguide, whose design is explained in detail in section 2.3. The waveguide was embedded in the specimen and the assembly was placed in a temperature-controlled chamber.
Noise from the dynamic parts of the temperature-controlled chamber and the operation of other surrounding machines is a big problem. Son and Hosoda were successful in using a damping buffer to isolate unwanted noise 9) . By setting a threshold value of 40 dB, sound from the outside ambient transmitting through air was rejected. During tests, changes in the electric pulses from electrical facilities can interfere with AE signal detection. To avoid such interference, all sensors, pre-amplifiers, and connectors were wrapped in alumina sheets.
Cylindrical tin molds of 100 mm diameter and 200 mm height were used for all tests. To eliminate noise induced by the friction between concrete and molds due to their different deformations under temperature variation, the inside face of each mold was covered with a 0.5 mm thick Teflon sheet (Fig. 2a) . The tim installation 
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The other reason for the larger resistance against microcracks is the high bond strength between HAC mortar and coarse aggregate, which is discussed in detail in the next section.
(3) High bond strength between aggregate and HAC slag mortar Generally, the tensile strength of concrete depends on three factors: tensile strength of mortar, tensile strength of coarse aggregate, and bond strength between mortar and aggregate. Cracking will be initiated at the point that has the lowest strength.
Some evidence pointed to the existence of high bond strength in HAC concretes. The first evidence is the direct tensile strength of concretes and mortars with W/B of 0.3 subjected to steam curing, as shown in Table 4 . In this experiment, mortar was made in two ways: in the first way, mortar was directly mixed from binders, sand, and water; while in the second way, mortar was taken from the respective concrete by removing coarse aggregate. However, the direct tensile strengths of two kinds of mortars showed almost no difference. It can be seen in Table 4 that while the tensile strengths of OPC mortar and HAC mortar were nearly similar, the tensile strength of OPC concrete was much smaller than that of HAC concrete. Furthermore, the tensile strength of HAC concretes was larger than that of the respective mortars. This improvement in tensile strength of HAC concrete must be due to the strong bond between HAC mortar and coarse aggregate. Higher concrete strength over respective mortar strength was not found in the case of W/B of 0.5 (Fig. 12a) .
Concerning the effects of the type of aggregate, the direct tensile strength of OPC slag concretes with W/B of 0.3 showed a reverse tendency compared with the past research 9) . In this study, the tensile strength of concrete with limestone was greater than that of concrete with andesite. Conversely, in the experiments by Son and Hosoda 9) , the tensile strength of concrete with limestone was much smaller than that of concrete with andesite. This difference between the two experiments may be partly due to the smaller disparity between the CTEs of limestone and andesite in this research compared to past research. Another reason for the higher strength of concrete with limestone than that of concrete with andesite in this study might be the contribution to improved bond strength of the chemical reaction between OPC slag mortar and limestone. The effect of the chemical reaction in slag concrete with limestone was also noted in the research by Komada et al. 12) . In this research, however, the trend of direct tensile strength observed in HAC concretes with W/B of 0.3 was not similar to that in OPC concrete. The tensile strengths of both HAC concretes were larger than the strength of the respective mortars. Moreover, there was no remarkable difference between the direct tensile strengths of HAC concrete with limestone and andesite ( Table 4) (Fig. 15a) decrease the bond capacity between the aggregate and mortar. In the shrinkage period, mortar cracks reduce the tensile strength of mortar. The hydration rate, which affects the tensile strength of mortar and the bond strength, was also accelerated under heat curing. In order to grasp appropriately the effect of bond strength on tensile strength, some factors deriving from temperature variations should be eliminated. Therefore, an experiment with concretes subjected to constant temperature condition, i.e., 20 o C, was conducted. Under this curing condition, the tensile strength of concrete is mainly governed by mortar strength and the bond properties between the matrix and aggregate.
The time-dependent direct tensile strengths of OPC and HAC concretes with W/B of 0.3 cured at 20 o C are presented in Fig. 16 . Looking at this chart, while the tensile strengths of OPC concrete with limestone were larger than those of concrete with andesite (this could be mainly due to the chemical reaction between the limestone and slag mortar), the tensile strengths of HAC concrete with limestone and HAC concrete with andesite were almost equal. The rational explanation might be that the bond strengths in both HAC concrete with limestone and HAC concrete with andesite were larger than HAC mortar strength. In this case, chemical reaction did not affect the tensile strength of concrete. Because bond strength was larger than mortar strength, cracks did not occur at the ITZ but appeared in the mortar, and propagation of the cracks initiated in the mortar was perhaps prevented by the aggregate or strong ITZ. As a result, the tensile strength of HAC concrete with limestone was the same as that of HAC concrete with andesite.
The high bond strength in HAC concrete might be explained by the large amount of CH produced through the hydration of HAC. CH reacts with the active SiO 2 component in GGBFS and creates secondary CSH gel. The CSH gel located in pores near the ITZ enhances the bonding capacity between the HAC mortar and coarse aggregate.
